In the present study, a novel broad-range real-time PCR was developed for the rapid detection of human pathogenic fungi. The assay targets a part of the 28S large-subunit ribosomal RNA (rDNA) gene. We investigated its application for the most important human pathogenic fungal genera, including Aspergillus, Candida, Cryptococcus, Mucor, Penicillium, Pichia, Microsporum, Trichophyton, and Scopulariopsis. Species were identified in PCR-positive reactions by direct DNA sequencing. A noncompetitive internal control was applied to prevent false-negative results due to PCR inhibition. The minimum detection limit for the PCR was determined to be one 28S rDNA copy per PCR, and the 95% detection limit was calculated to 15 copies per PCR. To assess the clinical applicability of the PCR method, intensive-care patients with artificial respiration and patients with infective endocarditis were investigated. For this purpose, 76 tracheal secretion samples and 70 heart valve tissues were analyzed in parallel by real-time PCR and cultivation. No discrepancies in results were observed between PCR analysis and cultivation methods. Furthermore, the application of the PCR method was investigated for other clinical specimens, including cervical swabs, nail and horny skin scrapings, and serum, blood, and urine samples. The combination of a broad-range real-time PCR and direct sequencing facilitates rapid screening for fungal infection in various clinical specimens.
Invasive fungal infections caused mainly by Candida and Aspergillus spp. have assumed an increasing importance over the last two decades, with a high mortality and morbidity among hospitalized and immunocompromised patients (36) . Candida is a commensal of the human mucosa and has remained the fourth most important cause of nosocomial bloodstream infections. Over 200 species of Candida have been described, but 95% of all Candida infections are caused by five species: C. glabrata, C. parapsilosis, C. tropicalis, C. krusei, and C. albicans. C. albicans is the most important cause of candidemia worldwide (1, 6, 13, 33) . Invasive aspergillosis is caused mainly by Aspergillus fumigatus and A. flavus; other species of Aspergillus associated with infection are A. terreus, A. niger, and A. nidulans (36) . Fungal infections have also been considered in many superficial dermatological mycoses (22, 37) causing restricted infections of the corneocyte of skin, hair, and nails (27) . Other important fungal pathogens that cause uncommon human diseases are Cryptococcus spp., Penicillium spp., Pichia spp., Fusarium spp., and Mucor spp. (19, 35, 36) . The crucial factor in diagnosis and effective therapy is the identification of the etiologic agent. The standard method for the detection of fungal infections is mycological culture and direct microscopy of clinical specimen. Nevertheless, microscopy often lacks a satisfactory sensitivity, whereas diagnosis by mycological culture often require a long growth period. The application of serological tests for cryptococcus, aspergillus, and histoplasma antigens also lacks sufficient sensitivity (26) . Furthermore, widely accepted antigen tests for Candida or dermatophytes are not available. In this context, rapid diagnosis of mycological infection by in vitro amplification and detection of fungal DNA is a common method used in clinical laboratories. A wide range of methods have been described, including restriction fragment length polymorphism (34) , PCR amplification (18, 21) , hybridization with species-specific probes, amplicon size differences (5, 14) , and methods to identify unique DNA sequences (24, 28) . Real-time PCR assays play an important role among molecular genetic screening methods because of the accelerated diagnostic outcome. A variety of real-time PCR assays for the detection of isolated fungal species have been described (3, 12, 16, 17, 30) . Nevertheless, a broad-range realtime PCR assay targeting nearly all clinically relevant fungal species in one assay is not available. Furthermore, none of these assays include quality control patterns to identify falsenegative results. The presence of amplification inhibitors, and thus the occurrence of false-negative results, is a common problem in PCR diagnostics (15) .
The aim of this study was the development of a broad-range 28S rDNA real-time PCR assay for the rapid detection of fungal pathogens in various clinical specimens. The specific assay allows the simultaneous detection and discrimination of medically important fungal pathogens.
MATERIALS AND METHODS
Fungal and bacterial strains. Fungal and bacterial strains were obtained from the American Type Culture Collection (ATCC) (LGC Promochem GmbH, Wesel, Germany) or the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ) (Braunschweig, Heidelberg) or were previously isolated from patients' specimens at our hospital. All clinical isolates used in this study were characterized in our microbiological laboratory by standard methods. Fungal and bacterial isolates were cultivated using standard cultivation methods.
Clinical samples. Tracheal secretion (TS) samples (n ϭ 76) from patients with artificial respiration and heart valve tissues (n ϭ 70) from endocarditis patients were used for the evaluation of the sensitivity of the PCR assay in comparison to mycological cultivation. TS samples were examined for fungal infections by cultivation on Sabouraud agar (SGC 2; bioMérieux, Nürtingen, Germany) for 5 days at 30°C. Heart valve tissues were cultivated in tryptone soy broth and brain heart infusion bouillon (bioMérieux) for 21 days at 37°C. All isolates were identified using traditional morphology and the ID 32C and VITEK 2 ID-YST biochemical identification methods (bioMérieux). The remaining material was stored at Ϫ20°C until used for DNA extraction. Nail and horny skin scraping samples (n ϭ 56), as well as cervical swabs (n ϭ 98) from patients suspected of having fungal infections, were analyzed for the presence of fungal infections only by real-time PCR. Urine, EDTA-anticoagulated blood, and serum samples for spiking experiments were obtained from healthy volunteers.
Sample pretreatment and DNA extraction. Samples were pretreated, depending on the clinical specimen. Total DNA was extracted from TS samples, heart valve tissues, cell suspensions, and nail and horny skin scraping samples by use of a QIAamp DNA blood kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. DNA was eluted from the QIAamp column with 50 l sterile distilled water.
Cell suspensions of bacteria and fungi were prepared with 200 l sterile distilled water. Bacteria and Candida spp. were lysed at 95°C for 10 min. Cell walls of Aspergillus spp., Mucor spp., and dermatophytes were disrupted mechanically in a RiboLyser (Hybaid, Teddington, England) using lysing matrix E (QBiogene, Heidelberg, Germany).
Viscous TS samples were diluted with an equal volume of sputasol (Oxoid, Poole, England) and liquefied at 37°C for 1 h. Thereafter, 400 l of the sample was transferred to a tube containing lysing matrix E and mechanically disrupted in a RiboLyser. Subsequently, 200 l of the sample was incubated with 200 l buffer AL at 56°C for 10 min. Twenty milligrams of valvular tissue was treated with 180 l buffer ATL and 20 l proteinase K (30 U; Sigma-Aldrich, Taufkirchen, Germany) at 56°C until the tissue was completely lysed, followed by incubation with 200 l buffer AL at 70°C for 10 min prior to DNA extraction. Skin and nail scraping samples were suspended in 200 l sterile distilled water and transferred into a tube with lysing matrix E. After mechanical disruption, 180 l of buffer ATL and 20 l of proteinase K were added. Samples were incubated at 56°C overnight, followed by incubation with 200 l of buffer AL at 70°C for 10 min.
Cervical swabs were rinsed in lysis buffer (Digene Hybrid Capture 2 CT/GC DNA kit; Digene, Dreieich, Germany). Total DNA was extracted from 200 l cervical swab lysis solution, 200 l EDTA-anticoagulated blood, 400 l serum, and 400 l urine using the NucliSens easyMAG (bioMérieux) automated DNA extraction system. DNA was eluted in 55 l easyMAG elution buffer.
Analytical sensitivity and specificity. Total nucleic acids from 38 different fungal strains were adjusted to a final concentration of 7 to 10 ng/nl and were analyzed with the 28S rDNA real-time PCR assay. The analytical sensitivity and the precision of the assay were determined using serially diluted copies of the 28S rDNA of Aspergillus fumigatus amplified with the NL1/NL4 (21) primer system as template for real-time PCR. The 95% detection limit was calculated by probit analysis using the SPSS 14.0 software (SPSS GmbH Software, version 14.0; SPSS, München, Germany). For the evaluation of the DNA extraction protocols and the determination of matrix effects of the individual specimen, 400-l urine samples, 400-l TS samples, 200-l EDTA-coagulated blood samples, and 400-l serum samples from healthy volunteers were spiked with serial dilutions of C. albicans of between 10 0 and 10 6 CFU/ml. Primer design for amplification of fungal 28S rDNA. The sequences of the probe and the PCR primers were selected from the sequences of fungal 28S (large-subunit) rRNA genes. DNA sequences of the following human pathogenic fungi were amplified with primers NL1 and NL4 targeting the D1 and D2 domain as described previously (21) (GenBank Accession numbers are in parentheses): Aspergillus flavus (EU071389), Aspergillus fumigatus (EU071392), Aspergillus niger (EU071393), Candida albicans (EU071395), Candida dubliniensis (EU071397), Candida krusei (EU071398), Candida parapsilosis (EU071400), Candida tropicalis (EU071401), Microsporum canis (EU071402), Mucor flavus (EU071390), Trichophyton rubrum (EU071403), Cryptococcus neoformans (EU071399), and Aureobasidium pullulans (EU071394). The alignment of the DNA sequences was performed using the DNasis software (Hitachi Software Engineering Co., version 2.06.006.001) with standard algorithms. A BLAST search was performed to check sequence specificity of the primers and probe used. The forward primer for the 28S rDNA was adapted from that described previously (21) (primer NL1), and the reverse primer was 5Ј-TTAGCTTTAGA TGRARTTTACCACC-3Ј (primer 260R). The TaqMan probe (5Ј-CGGCGAG TGAAGCGGSAARAGCTC-3Ј) was synthesized with the fluorescent reporter 6-carboxyfluorescein coupled to the 5Ј-end and a dark quencher coupled to the 3Ј end (BHQ1). Sequences of the MS2 primers and probe for the internal control (IC) have been described previously (8) ; the TaqMan probe of the IC was labeled with Cy5 at the 5Ј end and a dark quencher (BHQ2) at the 3Ј end. The amplified fragments were 270 bp in length for the fungal 28S rDNA and 203 bp for the IC.
Real-time PCR. DNA amplification was carried out in 0.2-ml tubes containing 40 l reaction mix and 10 l DNA extract. The reaction mix consisted of 1ϫ Eurogentec Tth buffer, 6 mM MgCl 2 , 400 nM of each deoxynucleoside triphosphate, 200 nM of each 28S rDNA primer and probe, 200 nM of each IC primer, 100 nM of IC fluorescent probe, and 2.5 U of Eurogentec Tth DNA polymerase (Eurogentec Deutschland, Köln, Germany). PCR was performed on the RotorGene 3000 system (Corbett Life Sciences, Sydney, Australia) with preliminary denaturation at 95°C for 5 min, followed by 40 cycles of denaturation at 95°C for 10 s, annealing at 60°C for 35 s, and extension at 72°C for 20 s, with a single fluorescence acquisition step at the end of the annealing step. A 203-bp PCR product of the bacteriophage MS2 replicase gene was added to the reaction mixture as an exogenous IC sequence. To ensure that the IC sequence did not limit the amplification sensitivity of the 28S rDNA assay, low fungal DNA concentrations close to the assay's detection limit were tested with different concentrations of the IC. The detection of low target concentrations with and without IC coamplification was evaluated, confirming that the IC had no influence on the assay sensitivity (data not shown). DNA sequencing of real-time PCR products was performed as described previously (8) .
RESULTS
Specificity, detection limit, and precision testing of the realtime PCR assay. To prove the suitability of the generic probe and primer set for the detection of a broad range of human pathogenic fungi, total nucleic acids of 38 different fungal species, listed in Table 1 , were extracted and assayed for 28S rDNA by real-time PCR. The specificity of the assay was evaluated with DNA extracts from 29 different bacterial strains and DNA extracts from 10 different human clinical specimens (data not shown). Cross-reactivity of the primers and probes was not detected, and the negative controls yielded no falsepositive results. In order to evaluate the analytical sensitivity and the precision of the assay, serially diluted copies of the 28S rDNA of Aspergillus fumigatus were used as templates. The 95% detection limit was calculated as 15 copies per PCR (range, 10.8 to 25.9), whereas the lowest concentration detectable with this real-time PCR assay was one copy per PCR ( Table 2 ). The reproducibility of the assay was demonstrated by analyzing the intra-and interassay variation for the crossing threshold (C T ) values. The intra-assay variability was calculated from eight replicates, with C T s of 32.29 Ϯ 0.41 for the 28S rDNA and 26.35 Ϯ 0.48 for the IC. The interassay variability was determined from five independent PCR runs with four replicates per run. The C T s for the 28S rDNA and the IC were calculated as 32.55 Ϯ 0.45 and 26.90 Ϯ 0.57, respectively. Intraand interassay variations, as well as standard deviations, are low for both targets.
Sensitivity of the real-time PCR assay. The sensitivity of a PCR test is also highly influenced by the DNA extraction protocol and the specimen itself. Nucleic acids were extracted from urine, serum, EDTA-anticoagulated blood, and TS samples inoculated with 10 0 to 10 6 CFU/ml of C. albicans (ATCC 10231) and analyzed in triplicate by 28S rDNA real-time PCR. The lowest concentrations obtaining a positive PCR result after DNA extraction were 10 CFU/400 l of urine or serum, 50 CFU/400 l TS sample, and 10 CFU/200 l of EDTAanticoagulated blood. Furthermore, the mean C T values of urine, serum, EDTA-anticoagulated blood, and TS samples inoculated with 10 4 to 10 6 CFU/ml C. albicans were compared with regard to matrix effects. The mean C T values are displayed along with examples of amplification plots for specimens inoculated with 10 6 CFU/ml in Fig. 1 . All samples demonstrate decreasing mean C T values for the 28S rDNA, corresponding to the different concentrations of fungal DNA. Urine and serum samples show the lowest mean C T values for all concentrations, with almost equal values. The mean C T values in EDTA-anticoagulated blood were slightly lower, whereas the mean C T values for the TS samples demonstrate a subsequent fluorescence signal with a distance of approximately 5 C T compared to urine and serum samples.
Identification specificity of the 28S rDNA PCR products. Species identification of real-time PCR products was performed by sequencing analysis as described previously (8) . A BLAST search was performed to determine the specificity of species identification. The PCR products of all 38 fungal species investigated had 98 to 100% sequence identity. Seventeen isolates revealed identical sequence homologies to other species (Table 1) , which limits characterization to the genus level. For intraspecies differentiation, isolated DNA was amplified with PCR assay targeting the internal transcribed spacer 1 (ITS 1) and parts of the 5.8S rDNA (25) . Detection of fungal species in clinical samples. To evaluate the assay sensitivity for the detection of fungi in clinical samples, the results of PCR examination and microbiological culture were compared for TS samples and heart valve tissues. TS samples were obtained routinely from intensive care patients with artificial respiration and thus an increased risk to develop an atypical pneumonia. In 20 TS samples (26%), fungi were detected by real-time PCR as well as by microbiological cultivation (Table 3 ). The remaining 54 TS samples were negative for fungal pathogens by both methods. The comparison of positive real-time PCR and cultivation results showed concordant findings for 18 TS samples. In sample 5, C. albicans and C. parapsilosis were detected by cultivation, whereas sequencing analysis of the real-time PCR products exclusively identified C. 
DISCUSSION
The detection of fungal DNA by PCR has been described as an important tool in the early diagnosis of fungal infection. Mycological cultivation methods often require long growth periods, especially in the diagnosis of dermatological diseases. Real-time PCR amplification offers a rapid diagnostic tool with the advantage of the detection of viable/nonviable cells, as well as circulating free fungal DNA (4). The aim of this present study was the development of a broad-range real-time PCR assay as a rapid screening method for the presence of fungal DNA in various clinical samples. This test is primarily intended to be used as a rapid diagnostic screening tool for infection control in addition to the sample analysis currently performed in the standard microbiology laboratory. In particular, rapid detection of fungi is frequently required for hematological or long-term intensive care patients. Therefore, we investigated the clinical applicability for TS samples due to our cohort consisting of intensive care patients with artificial respiration. In addition, the clinical applicability was investigated for heart valve tissue samples from endocarditis patients, referring to broad-range screening methods for bacterial infection as a routine diagnostic tool (23, 29) . Furthermore, the detection of DNA from serum, urine, and EDTA-anticoagulated blood, the most common materials from patients with invasive disease, was evaluated with spiking experiments, due to the absence of a corresponding patient cohort. The detection of fungal DNA from various clinical samples has been shown to be highly sensitive. Moreover, the combination of real-time PCR and direct sequencing of positive PCR products improves the diagnostic turnaround time. The total time required for the detection of fungal pathogens in cervical swabs and TS samples, including DNA extraction, real-time PCR, and sequencing, is less than 9 h. The time-limiting step is the sample pretreatment prior to DNA extraction. In comparison, the earliest time that mycological cultivation results can be obtained is 24 h after sample processing (e.g., for Candida spp. and Penicillium spp.). Slower-growing fungi such as Aspergillus spp. require at least up to 48 h incubation, whereas cultivation of fastidious fungi such as dermatophytes lasts up to a week or longer. In summary, the detection of fungal DNA by real-time PCR is more than 2 to 15 times faster than standard cultivation methods, depending on the pathogen. Although the material and reagent costs for cultivation are lower than those for PCR, the faster pathogen identification by real-time PCR enables an earlier onset of antibiotic treatment and, therefore, reduced hospitalization, including lower subsequent health care costs. So far, a variety of real-time PCR assays based on speciesspecific TaqMan or hybridization probes for the detection and identification of Candida and Aspergillus species targeting the 18S rDNA (9, 20) , the mitochondrial cytochrome b (31), the ITS between 18S and 28S rDNA (16) , the CaMP65 (65-kDa mannoprotein) gene (2), the RNase P RNA gene (17) , and the ITS 2 region (30) have been described. All assays demonstrated high specificity and sensitivity for the detection and quantification of medically important Candida and Aspergillus species. Nevertheless, a broad-range real-time PCR assay targeting clinical relevant fungal pathogens besides Candida and Aspergillus in one assay is currently not available. In comparison, the application of broad-range PCR assays for the detection and identification of bacteria is a common method used in the clinical laboratory (7, 29) . We investigated our assay using the Rotorgene 3000 system (Corbett Life Sciences, Sydney, Australia). However, this assay is easily adaptable to all common real-time platforms available in most clinical laboratories. Assays based on species-specific probes were designed to identify common fungal pathogens, but rare or infrequent fungi were unaccounted for (17, 30) . The numbers of speciesspecific probes in such assays are terminated by biochemical limitations, and consequently, the number of identifiable pathogens is always limited. Targeting the 28S rDNA offers the possibility of developing a broad-range PCR assay covering a wide range of potential and infrequent fungal pathogens. Our assay is able to detect a broad range of clinical relevant fungi with one set of primers and probe. The subsequent sequence analysis enables an unlimited species identification spectrum. The complete sequences of the 28S rDNA and a large number of partial 28S rDNA sequences for several fungal species have been published in GenBank. Nevertheless, some species share identical sequence homologies within the 28S rRNA gene region. For example, many closely related species of Aspergillus and Penicillium are not able to be discriminated by the 28S rDNA sequence, and sequencing analysis initially ascertains only the genus of the causative pathogen. However, this should be not of major concern for the beginning of an adequate antibiotic treatment, which is primarily based on the genus and the localization of the pathogen. A positive screening further legitimates the beginning of an antibiotic treatment with all known adverse effects. Certainly, the accurate determination of the species is necessary for the derivation of species-specific antibiotic resistance, for example, the fluconazole resistance of many C. glabrata or C. krusei strains or the amphotericin B resistance of some Aspergillus strains. In cases of ambiguous sequencing results, we performed a second PCR using a primer/ probe set specific for ITS 1 (25) . The ITS 1 and ITS 2 regions offer sufficient intraspecies diversity and were shown to be suitable for the discrimination of medically important fungi (5, 10, 11, 14) . The obvious application of a broad-range real-time PCR screening based on the ITS 1 and ITS 2 region is problematic due to sequence variability and the absence of a generic probe sequence. However, with inclusion of the second identification step, which is infrequently essential, molecular genetic identification by real-time PCR and sequencing still show a significantly reduced diagnostic turnaround time, particularly for the diagnosis of slow-growing filamentous fungi.
The detection limit of our real-time PCR assay is one 28S rDNA copy per PCR. The sensitivity of the assay was also determined with regard to divergent clinical matrices. Inhibitory effects on real-time PCR by clinical sample compounds, and consequently reduced sensitivity or false-negative results, are a well-known problem for the clinical reliability of realtime PCR assays. It was shown that divergent matrices had influences on the sensitivity of the assay. Urine and serum samples had at least an equal effect on the C T values, whereas EDTA-anticoagulated blood and TS samples had stronger effects. The delayed C T values of EDTA-anticoagulated blood samples is mainly influenced by the impact of background human DNA, whereas the viscous sample character primarily affects the C T values of TS samples. The application of an IC markedly improves the reliability by dramatically decreasing the risk of false-negative results due to PCR inhibition.
The primer specificity for the 28S rDNA of human pathogen fungi was determined by the exclusion of cross-amplification with 29 different bacterial or human DNAs. The novel PCR assay offers a high specificity and minimizes the risk of falsepositive results. Nevertheless, the potential for rare cross-reactivity with organisms not included in our specificity panel could not be ruled out.
To assess the clinical applicability of the PCR assay, TS and heart valve tissue samples were analyzed in parallel by realtime PCR and microbiological cultivation. In the interpretation of positive results, attention should be paid to the importance of distinguishing between colonization and acute disease. In general, PCR methods do not have the potential to afford this distinction comparably to mycological cultivation. A differentiation between colonization and acute disease is feasible only by careful simultaneous consideration of clinical symptoms. A positive PCR result also indicates the presence of nucleic acids without prediction of pathogen viability. Nevertheless, the aim of this study was the evaluation of the sensi-tivity of our 28S rDNA real-time PCR assay in comparison to mycological cultivation. The assay was developed to facilitate a rapid screening method for the presence of fungal DNA, independently from the patient's disease pattern. Twenty-two TS samples (29%) and one heart valve tissue were positive for fungal pathogens by real-time PCR, with 100% concordance to culture detection. The sensitivity of the PCR assay examined with the limited number of TS and heart valve tissue samples demonstrated a sensitivity level similar to that of microbiological cultivation. Evaluation of the sensitivity of the 28S realtime PCR assay in comparison to mycological cultivation for the screening of dermatological and cervical swab samples is currently under investigation. Furthermore, the 28S rDNA broad-range real-time PCR assay is applicable for molecular sterility testing of cell therapeutic products in combination with broad-range bacterial screening (32) . In the future we will investigate the suitability of a multiplex real-time PCR assay combining screening for bacterial, fungal, and mycoplasmal contamination of platelet concentrates and cell culture therapeutic products.
In summary, our novel broad-range PCR assay offers a rapid, highly specific, and cost-effective screening method for fungal pathogens in different clinical specimens with the common advantages of real-time PCR. Moreover, the application of an IC provides a quality control and further improves the assay's diagnostic reliability. Our results demonstrate a sensitivity similar to that of cultivation methods, with a markedly reduced diagnostic turnaround time. Considering the utility of this real-time PCR assay for routine sample processing currently performed in the microbiological laboratory, our method offers the possibility of faster detection and identification of fungi in various clinical samples. Nevertheless, the application of real-time PCR has to be evaluated as a supplementary method to mycological cultivation. Cultivation methods are mandatory to measure the antibiotic resistance and, in particular, the viability of a pathogen. Thus, broadrange molecular genetic methods can be an appropriate addition to mycological cultivation, and the combination of both methods offers a powerful diagnostic tool for the detection and identification of fungal pathogens.
